Abstract Recent climatic variability seems to be intensifying the hydrological extremes resulting in devastating hydrological hazards, especially floods all over the world, including the arid regions. Disasters are always more tragic in poor countries than in rich ones, as more poor people seem to suffer and die, and the economic losses have a greater impact. On the other hand, in advanced countries, although flood control can reduce the number of deaths, it cannot always reduce economic losses despite the large public investments that have long been applied. This is due to the ever increasing damage potential in a basin where reliance on safety has been created by flood control measures. It is proven that proper prediction and preparedness are the only practical means that can be relied upon to reduce the death toll and economic losses. In a time of climatic variation, physically-based distributed models are to be pursued to obtain reasonable predictions, since the climate is non-stationary and both basin land use and water use are constantly changing. The proper integration of a distributed watershed model with atmospheric circulation models, four-dimensional data assimilation and mesoscale hydrometeorological nested models is the direction for hydrologists to be heading. Key words flood damage potential; human adjustment to floods; hydrometeorological prediction Vulnérabilité croissante aux crues extrêmes et demandes sociales en prévision hydrologique Résumé La variabilité climatique récente semble être à l'origine d'une intensification des extrêmes hydrologiques, qui causent des événements hydrologiques dévastateurs. Cela est particulièrement vrai pour les crues, dans le monde entier, y compris en régions arides. Les catastrophes sont toujours plus tragiques dans les pays pauvres que dans les pays riches, dans la mesure où les victimes sont plus nombreuses, où la souffrance est plus forte et où les pertes économiques ont un impact plus fort. Par contre, dans les pays riches, le contrôle des crues peut diminuer le nombre de morts, mais ne permet pas toujours de réduire les pertes économiques, et ce malgré les investissements publics importants et pérennes. Cela est dû à la croissance permanente du potentiel de dégâts que l'on peut constater dans les bassins où les mesures de contrôle des crues ont favorisé le sentiment de sécurité. Il est prouvé qu'une bonne évaluation et une bonne préparation sont les seules mesures pratiques efficaces afin de réduire le bilan des victimes et les pertes économiques. A l'heure d'un changement climatique, les modèles distribués à bases physiques doivent être améliorés afin de produire des prédictions raisonnables, compte tenu de la non-stationnarité du climat d'une part et des changements permanents dans l'utilisation du territoire et de la ressource en eau d'autre part. Les hydrologues devraient s'attacher à intégrer de manière adéquate un modèle hydrologique distribué avec les modèles globaux de circulation météorologique, l'assimilation de données en quatre dimensions, et les modèles hydro-météorologiques maillés à méso-échelle. Mots clefs potentiel de dégâts de crue; attitude de l'homme face aux crues; prévision hydrométéorologique
INTRODUCTION
Hydrological extremes are the results of meteorological, hydrological and humaninduced factors. Recent climatic variations seem to be intensifying meteorological variability, both in the frequency of droughts and floods and in their spatial distribution. Precipitation is the most important factor-the source of water for évapotrans-piration, basin recharge, groundwater and runoff. In cold regions, snowmelt rather than precipitation determines the basic seasonal pattern of the hydrograph. The loss of precipitation due to évapotranspiration, basin recharge and groundwater recharge determines the net contribution of precipitation to river discharge and these losses are determined by radiation, wind velocity, humidity, soil type, vegetation, geology and other land surface conditions. The third important factor for variability is human intervention, i.e. the use and control of water and its flow by dikes, gates, reservoirs, canals, conduits etc., which change the natural pattern of hydrographs in time and space.
People as well as nature are dependent on a range of hydrological variations to which they have adjusted during their evolution. Most human activities welcome or require the reduction of variation, especially extreme variations. Human beings can control variation in terms of both excess and shortage, if it falls within an expected range. Ecological systems can also accommodate some degree of variation, but they often cannot survive variation beyond the adaptive capacity of the system. Prediction does not help non-humans, but it does assist humans a great deal. Prediction of flow, soil moisture, snow cover, water quality etc. improves the safety and reliability of societal activities through better management of water and prompt action against disasters and environmental hazards. Short-term forecasting is especially important for saving lives in floods, and long-term forecasting for alleviating agricultural loss by droughts. Prediction of flow requires an integration of various advanced technologies, i.e. aerial as well as ground-based observations of hydrometeorological phenomena at various scales, advanced hydrometeorological models, and hydrological catchment models. Such techniques are not available everywhere, but only in specialized professional institutions in relatively developed countries. Since adequate and reliable ground-based observations are not available in most developing countries and in large unpopulated areas, it is important to develop models that can operate with satellite and other remotely sensed data obtainable in the international public domain. This paper has two parts. The first reviews, with respect to floods, the relationship between flood damage and the national economy and the importance of human adjustment policy in disaster mitigation where hydrological forecasting is essential. The second part considers the importance of distributed hydrological models combined with mesoscale meteorological nested models for improving hydrological prediction.
INCREASING VULNERABILITY TO FLOODS
Flood control reduces human losses but not necessarily economic losses Figure 1 shows flood damage incurred throughout the world during the period 1990 -1996 , compiled by Munich Re (1997 . Some later floods, such as the 1997 floods 1 10 100 1000 10 000 100 000 1000 000 Death toll (persons) Fig. 1 Economic and human losses caused by large floods worldwide during 1990-1996 (modified after Munich Re, 1997). centred in Poland and the great Chinese flood of 1998, were added as ones which brought the largest economic losses in the respective regions in the 1990s. The 35 flood cases shown in the Figure represent economic losses exceeding US$100 billion. The most disastrous flood was the storm surge in Bangladesh when, in two days in April 1991, 140 000 people were killed. The highest flood losses in the 1990s, of the order of US$26.5 and 30 billion, occurred in China in 1996 and 1998, respectively. Figure 1 indicates that the majority of the catastrophes (13) that killed more than a hundred people have occurred in Asia. Quite a few floods in North America (6), Europe (5) and Japan (2) resulted in large economic losses, but the largest loss of life was 114 in Europe. Dry regions such as Iran, Yemen, Tunisia and Egypt are not free from destructive floods. In fact societies are more vulnerable to floods in these dry regions as dryness is a normal state to which human beings have adapted themselves: they are not prepared for floods.
More analyses of the Munich Re (1997) data are to be found in Kundzewicz & Takeuchi (1999) who point out that, although wealthy societies are willing to pay a high price to avoid low-probability disasters, floods still strike developed countries. Yet, fatalities in developed countries are far fewer than in developing ones. For catastrophic floods in developing countries, economic losses per fatality (the ratio of economic losses in US$ to the number of deaths, or economic losses per death) can be as low as US$21 000, while in developed countries they can reach US$400 million. It should be noted that the low fatality in developed countries is not only because of the high price they pay, but also because most of these countries lie in the temperate zone, where the intensity and the amount of precipitation are lower than in the tropical regions where many of the developing countries are located. Figure 2 shows the chronological changes in the economic loss per death in Japan during . The economic loss per death was about US$1 million in the 1950s, but increased very sharply to US$100 million by the late 1980s. In Fig. 1 , the economic loss per death ranges from a few tens of thousands of US$ (Bangladesh-1991) to several hundred million US$ (USA-1993) . Figure 3 shows the chronological changes in the number of fatalities due to floods between 1902 and 1997 and the economic losses between 1875 and 1997 (River Bureau, 1999). The economic value is adjusted to the 1990 value considering the change in structure of societal value (such as the relative cost of labour). It is noticeable that the death toll and investment patterns roughly coincided up to around the 1950s, but there is a large discrepancy after the 1960s. The death tolls were extremely high from 1945 to 1959, in the 15-year period after World War II (WWII), and have decreased a great deal since the 1960s. The number is especially low from the 1920s to the early 1930s and after the 1980s. In the 1920s, the population density was less than half the current density and it was a relatively dry period. The economic losses show a similar pattern, including a high period after WWII, but, unlike the death tolls, they were still large after the 1960s and remain so up to the present. This latter portion of Fig. 3 indicates that, although the human losses were reduced to near the practical minimum over recent decades, the economic losses have been only weakly decreasing. It should be noted that, during these decades, Japan experienced a relatively dry climate with a few giant typhoons. Otherwise, the economic as well as human losses might have been higher.
During the first 15 years after WWII, Japan experienced a series of disastrous floods which killed more than 1000 people almost every year (about 3000 in 1953 and 5600 in 1959). Climatically, it was a wet period in which a series of typhoons of record strength struck nearly every year. In addition, the flood control works were not well maintained during the War. Less money was allocated to the maintenance of channels and banks, and the flood defences were weakened. Moreover, the continuous levee systems that had been constructed in the past rendered flood discharges more concentrated in time and space, resulting in high peak flows downstream in major rivers. As a result, major bank collapses occurred along many large rivers and vast areas of rice paddies and major cities, such as Tokyo, Osaka, and Nagoya, were inundated. This caused much trauma in post-war Japan.
Since 1960, Japan has not incurred more than 1000 flood fatalities per year (fewer than 600, except for 1962). There are at least three reasons for this. One is that the climatically wet period was over and fewer strong typhoons struck Japan, after the most severe one in 1959. The second, and clearly the most decisive, factor is that weather observations and forecasts and the information transmission network have improved and the information from them has been made more readily available to the public through radio and TV. People have become more able to prepare for floods with flood-proofing works, dike protection, evacuation etc. and they have been able to save their lives even though they could not protect their properties. It is obvious that a drastic reduction of the death toll could be achieved in many developing countries if there were better preparedness and evacuation, and if hydrological forecasts became widely available to the public and flood plain management officers. The third factor is the progress of flood control works. Basins have been better protected from floods through the balancing of reservoirs and ponds, infiltration works and dikes, training walls and channels, leading the flood waters to the sea. With the development of effective flood control works, weather forecasting information could be more effectively used.
With the combination of such factors, death tolls were reduced from thousands to a few hundred or several tens. The remaining deaths have been mainly due to landslides and debris flows, which are very difficult, if not impossible, to predict, so that effective evacuation plans cannot be put into operation.
The economic losses are not necessarily decreasing, but have been kept at about the same level for several decades. This is because civilian property and public facilities in general attain higher standards and value and cannot be removed from the path of the flood, even though a precise prediction may be provided. The flood damage comes from urban floods, debris flows, inundation of agricultural lands etc. Since society is increasingly equipped with intelligent and valuable facilities with electronic devices, the damage becomes large once it happens. Here the damage includes both direct property damage and business losses due to closure of shops, offices, works etc. caused by the disruption to traffic, electricity supply, telephone lines etc. The losses also include damage to the flood protection works themselves. Of the flood damage in the 1980s and 1990s, 50.4% is in fact damage to river control works. This is not too surprising as flood control works are constructed for the protection of more important properties.
The shift from loss of human life to increased economic losses is universal wherever development is taking place. As a nation becomes more developed, more people are saved by provision of better information networks and shelters, which considerably reduce casualties. At the same time these measures provide a higher level of flood protection in the flood plains, where human activities develop taking the protection for granted. Thus the damage potential increases and, once a flood exceeding the protection level occurs, or there is a combination of rare human errors, unexpected faults or accidents in the protection system etc., the resultant damage can be enormous.
Although the absolute value of economic losses has not decreased, it does not mean that the flood losses relative to the national economy do not decrease. Figure 4 shows the economic losses relative to national income, or net national product, in Japan and the USA from 1951 to 1995. This indicates that flood losses in relation to the national income in Japan decreased a great deal after the 1960s, while the absolute value did not. This is due to the growth in the national economy. It implies that the relative burden of flood damage to society is decreasing. Does this mean that flood control is no longer so important? Or, is this the verification of the significance of flood control investment? The latter is correct. As seen in the next section, Japanese flood control investment is kept high, even in relation to the national economy. The relative decrease in damage is a reward for the continuous investment. Flood control has shifted flood losses to a large extent from human casualties to economic losses. 
Flood damage potential: to increase or to decrease?
Flood damage mitigation investment is subject to the variations in the strength of the national economy as is any other policy, which can only be implemented within the economic capacity. In this sense, the magnitude of the investment should always be considered in relation to the size of the national economy. At the same time, it should be justified in terms of economic efficiency, which in this case is measured by the reduction in the potential flood losses and associated costs, i.e. the benefit-cost ratio. Figure 5 shows the chronological changes in flood control investment relative to national income in Japan from 1879 to 1995. These data could be a reference value for (1904) (1905) and WWI (1914 WWI ( -1918 , when the investment dropped to about 0. 25-0.35%, and WWII (1939-1945) , when it fell below 0.1% and was very close to zero. After WWII, investment increased above 0.6-0.8% to nearly 1.0% today. The shift of the societal focus from military strength to civil works is obvious. This historical perspective implies that, if a nation invests its budget to military purposes, little investment is likely to be allocated to flood control. The current low rate of flood losses in Japan is, in a sense, the reward for peace.
In relation to economic losses, Fig. 5 also shows that the investments have long been much lower than the losses-one or two orders of magnitude lower from the 1880s to 1960. While the flood damage level to 1960 was between 1 and 10% of the national income, investments were between 0.1 and 0.6%. Investment and damage were equal only in the period around 1930. But after 1960, while the losses decreased remarkably, especially in recent times, down to the 0.1% level, the investment level has remained unchanged, or has even increased close to 1%. The change is noteworthy. Why did it happen and how can it be justified? The answer is simply that the increase in the damage potential, that is, the economic value of property and activities to be protected in the flood plain, has increased considerably. This change has two other components: one is the recent weather in Japan with the absence of frequent giant typhoons, which, if they had hit, would have caused more severe flood damage. The other is that the Japanese economy has been so successful that Japan could afford flood control investment up to nearly 1% of its national income, which is about the level of Japanese expenditure on self-defence forces. This means that, as long as the damage potential is high or increasing and the national economy can afford it, the benefit-cost ratio exceeds one and there is no limit in the justifiable investment.
Structural flood control has been the basic strategy for Japanese flood management since the 1890s and the construction of various flood control works has been continued for nearly a century from upstream to downstream. This has created safe and reliable land in the flood plains and made possible the current high density use of the land.
Given such safety, 70% of the population is now living in flood plains on only 20% of the nation's land. It is questionable whether the economic achievements today would ever have been possible without such flood prevention investment to protect lives, activities and properties in the flood plains.
At the same time, this structural flood control has created a higher damage potential and there is an endless race between investment and the damage potential. The more protection is provided, the more confidence develops and the more activities concentrate. Conversely, the more properties are concentrated in the flood plains, the more protection investment is needed. This is what has been happening in Japan. Especially after the 1960s, the remarkable economic growth supported investment in flood protection, followed by the recent needs for extensive public investment to assist economic recovery. There is nothing wrong with such a strategy, as long as a society can afford to keep investing in better control works. However, in reality, investment cannot be kept so high when the national economy declines and the tax revenue falls. Consider the following questions: (a) If the benefit-cost ratio is the investment criterion, how can it be possible to maintain fairness between the beneficiaries and the tax payers? Do people in the flood-free areas agree that the government should use their taxes to protect people in the flood plains? (b) As the central government now tends to be distributing power to regional or local governments, the basic trend is that the beneficiaries pay the cost of providing safety in the areas which they occupy. This is similar to the polluter pays principle (PPP) in environmental protection. (c) If river structural works are the major subjects of flood damage, is it not possible to reduce the structural works in the first place? Weaker protection produces weaker counteractions. There should always be a balance between collective efficiency and inefficiency. There is no doubt that collective investment makes the country or region stronger and more productive. Such needs were obvious in the old Chinese saying 3000 years ago, "people who control water control the nation". This collective centralized principle has been very successful in Japan. But, at the same time, it makes people and society unconscious of hazards and over-reliant on the central government and this eventually leads the country to become weak in the face of disasters. It is also not at all desirable that the role of central government increases endlessly and the fairness to tax payers becomes distorted. This is the re-entry point for the inclusion, in addition to structural control, of the co-existence with floods and human adjustment to floods that many warm humid countries had been exercising before modern history. These are the concepts that Professor Gilbert White introduced to modern society more than half a century ago.
Co-existence with floods
The strategy for co-existence with floods may be realized by means of some particular measures such as zoning, flood proofing, flood insurance, preparedness. Education and raising of public awareness are also major components.
Zoning consists of government regulations or guidance on land use, taking the hazardous potential of floods into account, so that the inhabitants of the areas in question are not seriously hurt when floods occur. Land at risk of flooding may be used as wildlife/scenic areas, parks, recreation fields, playgrounds, parking lots and for other purposes, which can accommodate flooding. Flood insurance and zoning are complementary: each requires the land users to internalize the risk expected from flood hazards in their economic accounting. The essential information to implement this policy is hazard mapping which needs the support of hydrologists.
Flood proofing includes houses built on piles or with flood-proof walls, flood protection walls with gates around a district or block, or around the entrances to subway stations, or underground streets and shops. Preparedness includes emergency maintenance and strengthening of flood control works such as levees, the evacuation of people and goods. Education and the raising of public awareness are particularly important, as, owing to increasing mobility, most urban dwellers are newcomers and are often ignorant of local flood experience.
Hazard maps show historical or estimated flood depths or velocities with estimates of the probability of occurrence. Such information is basic for zoning, flood insurance, public awareness raising and other means of human adjustment. Such maps are available in a number of countries and used in urban planning, by the real estate market, for flood insurance, evacuation planning, public education and so on. Mere flood depth information is sometimes misleading as the velocity is critical for safe evacuation.
Weather forecasts are the most important basis of the human adjustment exercise. Evacuation of people and property, preparation of individual houses, public facilities, river protection works and societal activities themselves are dependent on the availability of relatively accurate and timely weather and flood forecasting. Without them, the adjustment actions would be inefficient.
SOCIETAL NEEDS FOR HYDROLOGICAL FORECASTING
Hydrological models simulate and predict hydrological processes, based on hydrometeorological observations. In flow forecasting models, the input observations could be the flow upstream, precipitation in the basin, or, in the most difficult case, meteorological observations in the atmosphere. In large rivers, the upstream flow observations provide reliable and useful forecasts for downstream areas, in view of the travel time. However, the use of such forecasts is limited and, in the majority of cases, the precipitation in a basin is used as the basic input to flow forecasting models. In small basins, however, precipitation has to be forecast, as it is often too late for the measured precipitation to be used as the input data, since the floods may have already started.
River flow is only a part of the hydrological cycle. Society is dependent not only on river flows but also on precipitation, evaporation, soil moisture, groundwater, wind, radiation, temperature and all the other hydrometeorological phenomena. They are all interacting and inter-dependent. For predicting floods, droughts and the long-term availability of water, the integration of atmospheric processes with hydrological processes, especially land surface processes, is indispensable and has been the major theme common to both disciplines.
During the past decade, integration of meteorological and hydrological processes has advanced considerably. In particular, the GEWEX (Global Energy and Water Circulation Experiment) has contributed to a new era of cooperation, between meteorologists and hydrologists. Hydrological and atmospheric models are now being jointly operated. The atmospheric models provide global circulation model (GCM) output in a coarse grid over the globe. The GCM output is assimilated with meteorological observations on the globe, yielding four dimensional (4-D) assimilated data in grids about 200-500 km in size. Mesoscale hydrometeorological models nest those 4-D assimilated grid data into finer data at 20-50 km grid sizes. For example, the Small Domain Mesoscale Atmospheric Model developed by Kavvas et al. (1995) provides precipitation, evaporation, soil moisture, temperature, wind speed, humidity, and atmospheric pressure in 20-km grids on a daily basis, based on the coarse grid input from the Japanese Meteorological Research Institute GCM model. Here, soil type, soil depth and the vegetation cover of the land surface play important roles.
Accuracy and lead time are the two most critical attributes of forecasts and the combination of a hydrological watershed model with a hydrometeorological model would offer promise to improve them. In the hydrological watershed model, whatever the model type, the precipitation, évapotranspiration and the human use of water are absolutely decisive for model performance. A distributed rainfall-runoff model, the block-wise use of modified TOPMODEL with the Muskingum-Cunge method (BTOPMC) was developed in the author's laboratory . It is a model applicable to large ungauged basins as well as small or well-gauged basins and can satisfy most of the constraints listed above. The modified TOPMODEL is a distributed hydrological model based on a digital elevation model (DEM) but, at the same time, is a semi-lumped model within a block, an artificial sub-division of the entire basin. The basin characteristics that control the distributed discharge are expressed in a soil-topographic index ln(a/7o/tanP), where a is the upstream catchment area of the concerned point per unit length of contour line, T 0 is the lateral transmissivity under saturated conditions and (3 is the gradient of surface, which can be determined mainly by satellite-observed topographical information. The Muskingum-Cunge method can give the discharge at all the spatial points instantaneously. It cannot express backwater effects but can express the diffusive effects and simulate the propagation of a flood wave along the stream. The BTOPMC model can be used for large basins by dividing the basin into a few to several blocks. The model is intended to simulate water quality as well as sediment transport in a river by integrating these components with the flow. Figure 6 is an example of application of BTOPMC to the Mekong River, Thailand (Takeuchi et al., 2000) . It is simply a preliminary result simulated on a daily basis using the data available in the public domain such as USGS GTOPO30, NOAA Global Daily Summary of precipitation and the Lower Mekong Commission Hydrological Yearbook. It does not take into account flooding effects along rivers, nor human intervention, such as dam storage and release, water intakes etc. But it symbolically shows that, in addition to DEM and other available GIS data, without relying on extensive local ground-based observations but mostly on the satellite data, hydrological simulation is possible regardless of the size of the basin. Once the precipitation and évapotranspiration data become available through a mesoscale hydrometeorological model based on atmospheric 4-D assimilated data, hydrological simulation can provide the necessary flood forecasting. (Takeuchi etal, 2000) .
CONCLUSION: TOWARDS A SEAMLESS MERGER OF HYDROLOGY WITH METEOROLOGY AND WATER RESOURCES
The globe is now in transition to a warmer climate. Although it is uncertain how the climate will change in the future, variability seems definitely to be increasing, resulting in more severe floods and droughts over a larger part of the world. These sometimes happen alternately in the same region, or even at the same time. It is a sad reality that disasters are a more tragic phenomenon for poor countries, as they are less well informed, less protected and less prepared for saving lives and property. Although modern flood control works have been extensively employed for a century or more in rich countries, and the reduction of death tolls has been remarkable, the economic losses have not necessarily been decreasing as the flood damage potential increases in the flood plains.
It is a proven fact that proper forecasting and preparedness are the most practical means to employ to reduce death tolls in developing countries. In developed as well as developing countries, it is essential to co-exist with floods, cutting the vicious cycle between flood control investment and flood damage potential, and to go along with the new directions for civic society towards decentralization and smaller government with the beneficiaries payment principle. In the preparation of the means to implement coexistence with floods, weather forecasts with proper lead times are the essential bases, as preparation can only start with some reliable information on the future situation. Hazard maps, flood insurance, public awareness raising etc. also need extensive input from hydrological analyses and forecasting. In order to obtain reasonable predictions and forecasts and the necessary hydrological information for flood management, the physically-based distributed model is indispensable. This is because the climate is non-stationary and basin land use as well as water use are rapidly and constantly changing. It should be noted that black box type models based on the stationary assumption are rapidly losing their rationale, not only for planning purposes but also for daily operational purposes. The proper integration of distributed watershed models with atmospheric GCM, 4-D assimilated data and mesoscale hydrometeorological models is the right direction for hydrologists to be heading. Figure 7 shows the coverage of hydrological sciences where meteorology and water resource systems are in the same picture. Their seamless merger is essential to make hydrological forecasts possible and useful. Furthermore, integration is necessary over a basin, across administrative sectors, and across related disciplines to ensure scientific knowledge is applied to societal practice.
